Basal cell carcinoma (BCC) is the most commonly diagnosed malignancy in humans, and as such it poses a significant healthcare burden. The majority of BCC cases are amenable to cure by surgical extirpation. However, until recently there have been no good treatment options for a significant minority of advanced BCC cases, including locally advanced BCC and metastatic BCC. The introduction of a novel class of drugs, the Hedgehog pathway inhibitors, into clinical practice has ushered in a new treatment algorithm for the treatment of difficult BCC cases. In this review we present the latest available evidence and discuss areas for further research in this rapidly evolving field.
INTRODUCTION
Basal cell carcinoma (BCC) constitutes approximately 80% of non-melanoma skin cancers and is the most commonly diagnosed cancer worldwide [1] . Most BCCs are curable by surgery. Advanced BCC (locally advanced/metastatic BCC) poses a significant problem as surgery and/or radiotherapy may lead to significant functional and/or aesthetic morbidity and, until recently, platinum-based chemotherapy regimens have demonstrated antitumor activity without significant impact on the survival outcomes of patients [2] . Recent advances in the understanding of the Hedgehog (Hh) signaling pathway and its role in BCC pathogenesis, together with the discovery of pathway inhibitors, have led to the introduction of new treatment paradigms that may significantly improve clinical outcomes in this group of patients.
This article is based on previously conducted studies and does not contain human participants or animals performed by any of the authors.
METHODS

Search Strategy
A PubMed search was performed using the following search terms: ''locally advanced basal cell carcinoma,'' ''metastatic basal cell carcinoma,'' ''advanced basal cell carcinoma,'' and ''hedgehog pathway inhibitors.'' Case reports, case series, cohort studies, and clinical trials were included in the initial screening of clinical studies. The first clinical study on Hedgehog Pathway Inhibitors (HPIs) was published in 2011; all clinical studies published after 2011 up to the present (November 2018) were considered in this review. The abstracts of all publications which appeared to be related to the topic were subsequently screened for relevance to the topic and articles assessed to be relevant were subsequently reviewed. Clinical case reports and case series with a follow-up duration of less than 6 months were excluded from the review.
Inclusion Criteria
Articles considered suitable to be included in the review were reviewed for the presence of a discussion on the following topics:
• Pathogenesis of BCC.
• Pharmacology (pharmacokinetics and pharmacodynamics) of HPIs.
• Clinical efficacy of HPIs in the setting of advanced BCC (i.e., locally advanced and metastatic BCC), including overall response rate, durability of response, predictors of response, and histological clearance of BCC.
• Emerging indications for HPIs, including neoadjuvant therapy, retreatment in cases of tumor progression, treatment of irresectable disease, and genetic syndromes (including basal cell nevus syndrome and xeroderma pigmentosum).
• Safety and adverse effects of HPIs, including potential risk of development of secondary squamous cell carcinoma, melanoma, and development of resistance to HPIs. All articles which included a discussion on these topics were selected for inclusion in the review. A total of 41 clinical studies were identified and analyzed.
THE HH PATHWAY AND ITS ROLE IN BCC PATHOGENESIS
The skin contains different stem cell pools that contribute to the maintenance and repair of the various epidermal tissues, including the interfollicular epidermis, hair follicles, sebaceous glands, and sensory touch domes [3, 4] . The Hh pathway plays a critical role in the normal embryonic development of invertebrates and vertebrates, the development of its polarity, and organogenesis [5] . The Hh pathway is mainly dormant in the adult organism, but it may be activated during wound healing [6] . The pathway is involved in the maintenance of somatic stem cells and pluripotent cells important for tissue repair [7] , including repair of the skin [8] and other organs [9] [10] [11] .
Current evidence suggests that BCC arises from the basal keratinocytes of the interfollicular epidermis or the hair follicles [12, 13] . Abnormal activation of the Hh signaling pathway through various mechanisms has been observed in 95% of sporadic BCCs [14] . Protein patched homolog 1 (PTCH) is a 12-pass transmembrane receptor protein that acts as a tumor suppressor and constitutionally suppresses the Hh signaling cascade. Hh ligands include the Sonic hedgehog (SHh), Indian hedgehog (IHh), and Desert hedgehog (DHh), all of which repress the functions of PTCH. In the normal physiological state, in which the Hh ligand is absent, PTCH blocks the migration of the transmembrane protein Smoothened (SMO) to the primary cilium of the cell, which in turn blocks downstream transcription of glioma-associated oncogene (GLI) transcription factors (GLI 1, GLI2, and GLI 3) (Fig. 1) [15] . Data from a number of studies show that 67% of BCCs exhibit loss of PTCH1 and 10% have activating mutations of SMO [16] [17] [18] , resulting in overexpression of GLI, which enters the cell nucleus and promotes cell division and tumorigenesis [19] . The incidence of metastatic disease is uncommon and is estimated to comprise 0.0028-0.55% of BCCs. Locally advanced disease is more difficult to characterize as to date no formal, widely accepted definition exists [1] .
DRUG DEVELOPMENT AND PHARMACOLOGY
The first SMO antagonist to be discovered is a naturally occurring alkaloid, cyclopamine, that is found in the corn lily [20] . Cyclopamine binds SMO and inhibits activation of downstream Hh target genes that are essential for proper embryonic development [21] ; it has been implicated in the occurrence of midline cyclops-appearing lambs born in the 1950s. Cyclopamine has suboptimal aqueous solubility and chemical stability, which limits its therapeutic usefulness [22] . Vismodegib is a smallmolecule inhibitor of SMO that selectively inhibits the Hh signaling pathway by binding to the drug-binding pocket of SMO. The recommended dose is 150 mg/day, based on maximal plasma concentration and pharmacodynamic response [23] . Sonidegib is a potent selective small-molecule antagonist that binds in the same drug-binding pocket of SMO. It has high tissue penetration and the ability to cross the blood-brain barrier with good oral bioavailability [24] . Sonidegib has a long terminal halflife of 29.6 days. The recommended dose is 200 mg/day [25] .
HPIs act by inhibiting proliferation in BCC; they also induce the recruitment of cytotoxic T cells into the BCC and upregulate major histocompatibility (MHC) class I in BCC cells. These functions suggest the possibility of synergism when administered with immune modifiers [28] . Subgroup analysis revealed that the weighted CR and PR rates in locally advanced BCC (laBCC) was 31.1 and 33.6%, respectively, and that the weighted CR and PR rates in metastatic BCC (mBCC) were 3.9 and 29.8%, respectively [28] .
A phase I study showed an ORR of 58% in 33 patients with advanced BCC (aBCC) who were receiving vismodegib [23, 29] . A follow-up, international, multicenter, phase II trial (ERI-VANCE) was then conducted in 104 patients with aBCC [30] who were either assessed as inoperable laBCC cases or mBCC cases. The outcome measures are summarized in Tables 1  and 2 . The ORR for mBCC and laBCC was 30 and 43%, respectively. All patients with mBCC experienced PR (Table 1) . Among those patients with laBCC, 22% achieved PR and 21% had CR ( Table 2 ). The ORRs at the end of 12-and 30 months remained consistent with those reported in the primary analysis [31, 32] . Median odds survival (OS) for mBCC was 33.4 months [32] , which is considerably higher than the OS of 8-24 months in the pre-vismodegib era [33, 34] . However, only 7.7% remained on treatment, with the majority of discontinuations due to disease progression (27.9%) [32] .
The Expanded Access Study (EAS) was a USAbased, open-label, multicenter study conducted on patients with aBCC (n = 120) [35] . The ORR for laBCC and mBCC was 46.4% (Table 2 ) and 30.8% (Table 1) , respectively. Median duration of exposure (DOE) was only 5.5 months as the study was terminated early by the sponsors after Federal Drug Administration (FDA) approval was obtained [35] .
The Safety Events in Vismodegib (STEVIE) trial was another international, multi-center, open-label trial in patients with aBCC who received 150 mg/day of vismodegib [36] . The results of interim analysis of 482 responseevaluable patients are shown in Tables 1 and 2 [36] . In the primary analysis of STEVIE [37] , 1215 patients with a median follow-up duration and DOE of 17.9 months and 8.6 months, respectively, were evaluated. The ORR was 68.5 and 36.9% for patients with laBCC and mBCC, respectively. The median duration of response (DOR) and progression-free survival (PFS) was 22.7 and 22.1 months, respectively. Only 12% remained in the study, with adverse events being the main reason for treatment discontinuation.
Another study involving 31 laBCC cases showed that the proportion of patients with CR, PR, PD, and SD was 55, 42, 3, and 0%, respectively [38] . In those with PR, the mean reduction in tumor size was 52%. Only two patients (8%) discontinued treatment due to drug-related side effects [38] . However, the mean DOE was only 3 months [38] .
Predictors of Response
Patients with laBCC [28] , who were younger [32] , were without prior systemic exposure to HPIs or chemotherapy [35] , had Gorlin's syndrome [37] , or had smaller tumors (B 4 cm) [32] have been reported to respond better to treatment. The efficacy of the treatment was comparable for aggressive and non-aggressive histological subtypes [32] .
Dosing
Dosing of vismodegib at 150 mg 3 times per week failed to achieve levels associated with clinical efficacy [23] . However, in the STEVIE and ERIVANCE cohorts, treatment breaks of up to 8 weeks did not affect the efficacy of the PD, n (%) Central [32, 39] . Weekly interval dosing has been shown to ameliorate adverse effects and reduce drop-out while maintaining efficacy [40, 41] . However, concerns remain about the risk of tumor resistance with pulsed dosing [28] .
Durability of Response
Although vismodegib has been shown to reduce tumor burden, treatment discontinuation leads to tumor regrowth. In one study, vismodegib suppressed tumor formation in animal models but did not eliminate aberrant clones harboring mutations [42] . The durability of response after drug discontinuation is unknown. Clinical remission was maintained for an average of 9.3 months in a study by Viscusi et al. [38] and was reported to be over 1 year in ERIVANCE [43] . In another study, after vismodegib discontinuation, the rate of development of new BCCs in Gorlin's syndrome remained low, but BCCs recurred at the same sites 5 months after drug cessation [44] .
Histological Clearance
The rate of histological clearance has been reported to range from 16 to 44% [45] . Even in lesions that appeared to be clinically resolved, histological examination has revealed residual tumor in 17-43% of cases [44, 46] .
Sonidegib
Sonidegib is available as an orally administered HPI or topical 0.75% cream for the treatment of laBCC and mBCC [47] . In one study, sonidegib 0.75% cream applied twice daily for 4 weeks led to clinical remission in 69% of BCCs, but the rate of histological clearance was 0% [48] . A phase I trial of orally administered sonidegib in patients with aBCCs revealed an ORR of 37.5% [25] . The follow-up Basal cell carcinoma Outcomes in LDE225 Treatment (BOLT) study is the only multicenter, randomized, double-blind, phase 2 trial to be conducted on the treatment of BCCs with HPIs [49] (n = 230). Patients were randomized to receive sonidegib 200 mg/day (n = 79) and 800 mg/day (n = 151). Outcome measures for mBCC and laBCC are shown in Tables 1 and 2 [51] . Based on early data, the clinical efficacy and patient survival of those given sonidegib 200 mg/day and 800 mg/day were approximately similar.
Comparison of Sonidegib with Vismodegib
There are no trials directly comparing sonidegib with vismodegib. However, comparisons between the various studies have been made. The CR rate of patients with laBCC to sonidegib in the BOLT study is comparable to that to vismodegib in the ERIVANCE study [51] . For laBCC, sonidegib demonstrated a better ORR than vismodegib. In an industry-sponsored analysis comparing the efficacy of vismodegib (ERIVANCE trial) and sonidegib (BOLT trial), sonidegib patients had a higher ORR, longer median PFS, and longer median DOR [52] . For patients with mBCC, the ORR for sonidegib was significantly lower than that for vismodegib.
EMERGING INDICATIONS
Neoadjuvant Therapy
Hedgehog pathway inhibitors are currently approved by the U.S. FDA for use as primary therapy for advanced BCC. More recently, studies have focused on the use of HPIs as neoadjuvant treatment prior to surgery, with the aim to reduce the extent of surgical treatment as well as increase the likelihood of curative resection. Ching et al. [53] presented a series of six patients with extensive laBCC in whom vismodegib was administered until there was either no further clinical response or patients stopped treatment due to adverse effects. Bone resection was avoided in three of these six patients, and clear margins achieved in four. Wong et al. [54] studied the use of vismodegib in 15 patients with locally advanced periocular and orbital BCC and reported 67% CR, 20% PR, and 13% PD. The partial response noted in one patient permitted surgical resection with clear margins and orbital salvage in whom otherwise would have required an orbital exenteration.
Retreatment in the Setting of Tumor Progression in Advanced BCC
Alfieri et al. [55] studied six patients with aBCC who were previously part of the STEVIE trial. In all cases, the first vismodegib course was discontinued due to disease progression and patients underwent intercurrent therapies, which included radiotherapy, electrochemotherapy, chemotherapy, or surgery. Disease control (PR and SD) was achieved in 80% of patients following the second vismodegib course, and PR observed in 50%.
Irresectable Disease
Yoon et al. [56] reported a case of regression of intracranial aBCC using sonidegib and itraconazole after disease progression 5 years following vismodegib treatment. The case report did not report outcome after 8 months following treatment.
Combination Therapy
Photodynamic therapy (PDT) is a well-established non-invasive treatment for BCC and commonly used in patients who are poor surgical candidates. Rizzo et al. [57] used the combination therapeutic regimen of red light PDT ? vismodegib to treat patients with multiple nodular BCCs, treating 19 lesions in three patients, with the patients requiring between one and three sessions of PDT depending on lesion size. The results showed 90% CR and 10% PR, leading the authors to conclude that the combination therapy was well tolerated and yielded results superior to that of each individual therapy alone.
Basal Cell Nevus Syndrome (Gorlin's Syndrome)
Basal cell nevus syndrome is an autosomal dominant or spontaneous disorder that has complete penetrance and variable expressivity [58] . The principal causative mutation occurs on chromosome 9q (22.3-q31) and results in abnormalities of the PTCH1 gene. Because PTCH1 is an antagonist in the Hh signaling pathway, this mutation causes constitutional hyperactivity of the Hh pathway. Clinical manifestations include multiple BCCs (with presentation at an early age), odontogenic keratocysts of the maxilla and/or mandible, palmar or plantar pits, heterotopic calcification of the falx, bifid or missing ribs, wedged or fused vertebra, cardiac or ovarian fibromas, childhood medulloblastoma, and cleft lip and/or palate. The largest trial conducted to date involves a series of 41 patients treated with vismodegib [59] . The results of this trial show a mean reduced rate of new surgically-eligible BCCs compared with patients assigned to the placebo arm (2 vs. 34 lesions per patient/year). Subjects on continuous dosing regimens developed fewer surgically-eligible BCCs than did those with interrupted dosing (0.6 vs 1.7 per patient/ year). Only 17% of patients tolerated vismodegib continuously for the full 36 months.
Xeroderma Pigmentosum
Xeroderma Pigmentosum (XP) is an autosomal recessive disorder with a defective nucleotide excision repair pathway. It is characterized by photosensitivity and malignant tumor development due to cellular sensitivity to ultraviolet radiation. Patients with XP develop multiple skin malignancies at a young age and have a reduced life expectancy. Fife et al. [60] reported a case of XP in the nasal tip of an 8-year-old child that was successfully treated with a 150 mg/day, 5-month course of vismodegib without the need for surgery. The child remained in clinical remission for longer than 2 years.
VISMODEGIB SAFETY AND ADVERSE EFFECTS
In the ERIVANCE trial, treatment-emergent adverse events (TEAEs) with vismodegib included muscle spasms (71.2%), alopecia (66.3%), dysgeusia (55.8%), weight loss (51.9%), fatigue (43.3%), and nausea (32.7%). Patients who received treatment for C 12 months showed higher rates of TEAEs than did those receiving a shorter term of treatment, although the incidence of TEAEs assessed to be C grade 3 was similar in both groups (56.3 and 55.4%, respectively). Serious adverse events (SAEs) were reported in 36 of 104 patients (34.6%) and these were considered to be related to vismodegib in 9 cases (8.7%). There were four (3.8%) patients with pneumonia and syncope each, three patients (2.9%) each developed hip fracture and death, and two patients (1.9%) each had cardiac failure, cellulitis, gastrointestinal hemorrhage, squamous cell carcinoma (SCC), pulmonary embolism, and deep vein thrombosis. Importantly, in many cases there were factors, including concurrent risk factors and medical comorbidities, which contributed to morbidity. There were no vismodegib-related deaths in the ERIVANCE trial [30] . A similar adverse effect profile was reported in an open-label, multicenter study of 119 patients with locally aBCC and mBCC who were assessed to be unsuitable for surgery or radiotherapy [35] .
In the STEVIE trial, SAEs were reported in 108 patients (22%), with nine patients (2%) developing pneumonia, seven patients (1%) experiencing general physical health deterioration, five patients (1%) having SCC, and five patients (1%) with dehydration. In 106 patients (21%) with grade 1 or 2 adverse events, 56 patients (11%) with grade 3 adverse events, and 11 patients (2%) with grade 4 adverse events, the adverse events led to the discontinuation of their vismodegib treatment [36] . The primary analysis of STEVIE demonstrated that vismodegib is tolerable in typical patients in clinical practice and that long-term exposure is not associated with worsening severity or frequency of TEAEs.
Management of Adverse Effects
Quinine provides relief to patients who experience muscle spasms. In 15 patients who received quinine for vismodegib-induced muscle spasms, two patients reported CR and 14 patients had PR [61] . It has been suggested that if quinine is ineffective, a treatment break of 2-4 weeks before restarting vismodegib may be helpful [61] . A trial of amlodipine 10 mg daily for 2 weeks was shown to improve muscle cramps [62] . Other non-pharmacological methods include adequate fluid hydration and gentle exercise. Generalized or localized gradual alopecia can occur between 2.6 and 5.5 months of treatment, as shown in the ERIVANCE, STE-VIE, and RegiSONIC trials. Conservative management with counseling and the use of a hair wig may be helpful [61] . Weight loss in patients on HPIs is likely to be multifactorial due to dysgeusia and loss of appetite. Strategies include food substitution or a dietitian review if patients experience a weight loss exceeding 5%. In patients with progressive weight loss despite active intervention, treatment breaks and nutritional support until weight gain is achieved is advocated [61] .
Diarrhoea and nausea was reported in approximately 20% of patients in clinical trials and is usually adequately treated with loperamide. Nausea can be alleviated with metoclopramide. Treatment breaks of up to 8 weeks' duration may be introduced to alleviate adverse effects, and these did not appear to compromise efficacy of treatment. This may be important in cases of Gorlin syndrome or advanced BCC to improve tolerability and compliance [61] .
Potential Risk of Development of Secondary SCC
There are recent reports of patients who have developed SCC while on vismodegib treatment [63, 64] . The hypothesis is that BCCs, under selection pressure form Hh inhibitors, activate the RTK/RAS/MAPK signaling pathway and thereby generate SCCs. This is a controversial topic. Bhutani et al. [65] performed a retrospective cohort study and showed that there was no increased risk of the development of SCC during vismodegib treatment.
Potential Risks of Development of Melanoma
There have been two reported cases of rapidly growing melanoma at between 8 and 9 months after discontinuation of vismodegib [66] . The total duration of the vismodegib treatment for both patients was 3 and 8 months, respectively. One of the patients developed the melanoma in close proximity to the primary BCC; however, it is uncertain if vismodegib played a contributory or protective role in the development of melanoma.
Development of Resistance to HPIs
Resistance to HPIs can be classified into primary and secondary resistance. Primary resistance has been postulated to bypass mechanisms of genes downstream of SMO, such as the G497 W mutation [67] . Secondary resistance in patients who showed an initial response has been attributed to de novo mutations located on selected regions in the SMO to which HPIs bind or to selective clonal expansion of minority clones in the pre-treated tumor [68] . Some of the reported drug-binding mutations include D473, W281, Q477, C469, H231, and I408 [67] [68] [69] . Cross-resistance between HPIs has been reported; hence, switching between HPIs for patients who demonstrate resistance is not recommended. To a lesser extent, mutations in the suppressor of fused (SUFU) and gain-of-function mutations in Gli2 may also lead to vismodegibresistant tumors [68] . There is preliminary evidence that Gli antagonists and epidermal growth factor receptor inhibitors can be useful adjuncts in the treatment of HPI-resistant tumors [69] .
CONCLUSIONS
Emerging data show that the novel class of HPIs, which includes vismodegib and sonidegib, are safe and effective treatment options for patients with laBCCs and mBCCs and for patients who are poor candidates for surgery or radiotherapy. Discontinuation of HPI treatment due to adverse events tends to be common, and these adverse events may be addressed either by supportive management or treatment breaks. Future studies are needed to elucidate the drivers of HPI resistance and how tumor resistance to HPIs may be overcome. It is clear from the current data that HPIs will significantly alter the treatment landscape of BCCs at the present time and in the future.
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